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Abstract: We consider the diphoton resonance at the 13 TeV LHC in the context of
SU(5) grand unification. A leading candidate to explain this resonance is a standard
model singlet scalar decaying to a pair of photon by means of vector-like fermionic loops.
We demonstrate the effect of the vector-like multiplets (5, 5) and (10, 10) on the evolution of
the gauge couplings and perturbatively evaluate the weak scale values of the new couplings
and masses run down from the unification scale. We use these masses and couplings to
explain the diphoton resonance after considering the new dijet constraints. We show how
to accommodate a potentially large decay width of the resonance particle or particles, and
introduce a method for quantifying the statistical preference of data for various resonance
width and mass gap scenarios. In addition, we consider new couplings relating various
components of (5, 5) and (10, 10) in the context of the orbifold GUTs, where the resonance
scalar can be a part of the new vector-like lepton doublets. We also calculate the Higgs
mass and proton decay rate p→ e+pi0 in the context of SU(5) grand unification, including
effects of the new vector-like multiplets. Although the specific excess described this work
has not carried over into the newly released 2016 data, the analysis presented remains more
broadly applicable to the general topic of scattering through a resonance, especially in the
context of diphoton final states with loops of vector-like multiplets.
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1 Introduction
Supersymmetry (SUSY) provides an elegant solution to the gauge hierarchy problem in
the Standard Model (SM). In addition it has many appealing features. In Supersymmetric
SMs (SSMs) with R-parity, we can realize gauge coupling unification, have the Lightest
Supersymmetric Particle (LSP), namely the neutralino, as a dark matter candidate, radia-
tively break the electroweak gauge symmetry, etc. In particular, gauge coupling unification
strongly supports the Grand Unified Theories (GUTs), and supersymmetry is thus a bridge
between the low energy phenomenology and high-energy fundamental physics.
It is well known that a SM-like Higgs boson with mass mH around 125 GeV was
discovered during the first run of the LHC [1, 2]. In the Minimal SSM (MSSM), to realize
such a Higgs boson mass it is necessary to have either multi-TeV top squarks with small
mixing or TeV-scale top squarks with large mixing, which might increase the fine-tuning
or induce SU(3)×U(1)EM gauge symmetry breaking [3], respectively. On the other hand,
it has long been understood that one can extend the matter sector of the MSSM and
still preserve the elegant result of gauge coupling unification if the new matter fields form
complete multiplets of SU(5). To automatically cancel the gauge anomalies, we assume
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here that such supermultiplets are vector-like. In fact, complete light GUT multiplets of
this variety are not unexpected. Within string theory one often finds light multiplets in the
spectrum [4], and even within the GUT framework itself one can encounter extra complete
multiplets lying at the TeV scale [5]. Similarly to the top quark contribution, the Higgs
boson mass can be lifted by the Yukawa couplings between these vector-like particles and
the Higgs fields. Consequently, the SM gauge couplings will become stronger at the GUT
scale, in which case the proton lifetime will be reduced, thus coming within the reach of
proton decay experiments such as Hyper-Kamiokande.
Recently, both the ATLAS [6] and CMS [7] collaborations have reported an excess of
events in the diphoton channel with invariant mass of about 750 GeV at the 13 TeV LHC.
With an integrated luminosity of 3.2 fb−1, the ATLAS collaboration has observed a local
3.6σ excess at a diphoton invariant mass of around 747 GeV, assuming a narrow width
resonance. For a wider width resonance, the signal significance increases to 3.9σ with a
preferred width of about 45 GeV. They also found about 1.9σ excess when they reanalyze
their 8 TeV data [8]. With an integrated luminosity of 2.6 fb−1, the CMS collaboration
has also observed a diphoton excess with a local significance of 2.6σ at invariant mass of
around 760 GeV. Assuming a decay width of around 45 GeV, the significance reduces to
2σ in this case. The corresponding excesses in the cross section can be roughly estimated
as σ13 TeVpp→γγ ∼ 3− 13 fb [6, 7]. Interestingly, the CMS collaboration did likewise search for
diphoton resonances [9] at
√
s = 8 TeV and observed a slight excess ∼ 2σ at an invariant
mass of about 750 GeV. Thus, the present ATLAS and CMS results at
√
s = 13 TeV are
indeed consistent with those at
√
s = 8 TeV LHC in the diphoton channel. The dijet
constraints from LHC may strongly constrain any interpretation of this resonance. The
CMS collaboration has recently reported a new analysis on dijet final state resonances [10].
We investigated the compatibility of our explanation of the resonance against this result.
A straightforward approach to explaining the diphoton excess is the introduction of a
SM singlet S with mass of 750 GeV and accompanying multiplets of vector-like particles.
With vector-like particles in the loops, the singlet S can be produced via gluon fusion
(similar to SM Higgs cases previously considered in Refs. [11, 12]), and can likewise decay
into a diphoton pair. The diphoton excess, in a non-supersymmetric context, was previously
addressed by some of the authors using vector-like particles, as motivated by solutions to
the gauge unification, neutrino mass, and electroweak vacuum stability problems [13]. This
approach can be naturally embedded in the SSMs with vector-like particles. In this paper,
we study gauge coupling unification, calculate the Higgs boson mass, and estimate the
diphoton event rate. After careful study, we find that the there is some delicacy to the
assignment of multiplicities and couplings for vector-like multiplets in a manner which
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explains the diphoton resonance while still achieving the gauge coupling unification. A
recent analysis [14] of CMS and ATLAS data and a fit to the combined run-I and run-II
data indicates that the resonance at 750 GeV can be accommodated by σγγ ∼ 0.7− 16 fb
for ΓS ∼ 5− 100 GeV at 2σ level. We explore the capacity of (10, 10) and (5, 5) multiplets
to explain the resonance. We additionally demonstrate how to accommodate a larger
resonance width in the context of this unified scenario by introducing decays of the scalar
to soft leptons with very little missing energy, which is allowed by current experimental
data. We point out that the proton lifetime estimates lie within reach of the future Hyper-
Kamiokande experiment.
We also show that the neutral component of the vector-like lepton doublets can likewise
be utilized to explain the excess. In this case these doublets are R-parity even, which
moreover will not induce proton decay problems. Such scenarios can be realized in the
orbifold GUTs [15–17] and F-theory GUTs [18–21] (see Ref. [22] and references therein).
The requirement of two new doublets in this scenario allows for the possibility of two
adjacent resonances, which can be useful to generate the appearance of a large effective
width.
This excess, although still statistically short of discovery, has drawn immense attention
from the particle physics community, resulting in diverse explanations ranging from axions
and extended Higgs sectors to dark matter [13, 14, 23–29]. In two recent papers [26, 27],
the diphoton excess has been addressed in the context of SU(5) grand unification. Vector-
like multiplet masses in the context of a SUSY SU(5) GUT are studied in Ref. [26], while
Ref. [27] considers enhancement of the cross-section and diphoton branching ratio of a
singlet type resonance due to the presence of 24 dimensional adjoint fermions at the sub-
TeV scale. SU(5) grand unification with vector-like fermion multiplets was also considered
in the past [12], to explain the SM H → γγ excess previously observed at the LHC. In our
paper, however, we have included the new dijet constraint in order to estimate the number
of vector-like multiplets necessary to address the diphoton excess, which we then utilize to
calculate the Higgs mass. We additionally consider a new interaction involving the neutral
scalar from vector-like doublets to explain the excess. We also show new ways to handle
the larger resonance width and associated final states.
The paper is organized as follows. In section II, we discuss the GUT models with
vector-like particles and projections for proton decay. In section III, we discuss the impact
on Higgs Boson mass arising from vector-like particles. In section IV, we discuss the neutral
component of vector-like doublets as a resonance candidate, and in section V, we discuss
the diphoton resonance, and introduce a statistical test for quantifying the decay width
preferred by binned data in the context of a dual resonance. We conclude in section VI.
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2 GUT Models with Vector-Like Particles and Proton Decay
It is well known that matter fields will contribute at one loop to the CP-even Higgs mass
if there are direct couplings between them and the Higgs fields. We will elaborate upon
these additional contributions in the next section. On the other hand, there are constraints
on the couplings and masses of new matter fields if they are involved in chiral symmetry
breaking interactions. The most important constraints are the S and T parameters, which
limit the number of extra chiral generations. Consistent with these constraints, one should
add new matter fields which are predominantly vector-like.
In the limit where the vector-like mass is much heavier than the chiral mass terms
arising from Yukawa couplings to the Higgs doublets, the contribution to the T parameter
from a single chiral fermion is approximately [30]:
δT =
N(κv)2
10pi sin2 θWm2W
[(
κv
MV
)2
+O
(
κv
MV
)4]
, (2.1)
where κ is the new chiral Yukawa coupling, v is the Vacuum Expectation Value (VEV) of
the corresponding Higgs field, and N counts the additional number of SU(2) doublets. For
instance, N = 3 if (10, 10) is considered at low scale, while N = 1 for the (5, 5) case. It is
known that from precision electroweak data T ≤ 0.2 at 95% CL for mh = 125 GeV [31].
We will take δT < 0.2 as a realistic bound in our analysis. We then see from Eq. (2.1) that
with MV around 1 TeV, the Yukawa coupling κ can be O(1).
A strong constraint on the nature of new vector-like particles arises from the perturba-
tivity and unification conditions. One finds that the following combinations of low-energy
(TeV-scale) vector-like particles may be introduced safely: (i) up to 4 pairs of (5, 5)’s, or
(ii) one pair of (10, 10), or (iii) one pair each of (5, 5) and (10, 10). The last option also
neatly fits into the (16 + 16) representation of SO(10) if an additional pair of singlets are
added. We will thus refer to case (iii) as (16 + 16).
We illustrate in Figure 1 how gauge coupling running is modified by introducing dif-
ferent sets of vector-like particles. In particular, examples of the gauge coupling evolution
are plotted for the case of MSSM by itself and MSSM plus the complete SU(5) multiplets
(10 + 10) and (5 + 5). The GUT-scale MGUT and unified coupling αGUT applicable to each
of the itemized scenarios are further presented numerically in Table 1. RGEs are run at
two loops in the gauge sector, with feedback from the one loop MSSM Yukawa couplings.
For uniformity, all entries in Table 1, as well as Figure 1, are computed for colored and
non-colored vector-like masses of MQV = 1 TeV and M
L
V = 400 GeV, with all sparticles
(including the scalar vector-like partners) at MSUSY = 2 TeV, and tanβ = 10. The resid-
ual gap ∆Y 2 ≡ |gY − g2| ÷ (gY + g2) between the hypercharge and SU(2)L couplings at
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Figure 1. Gauge coupling evolution with the effective SUSY breaking scale MSUSY = 2 TeV and
tanβ = 10. Solid lines correspond to the MSSM. Short dashed lines correspond to the MSSM+(5, 5).
Long dashed lines are for MSSM plus (10, 10), which is essentially the same as MSSM plus 3×(5, 5).
Vector-like masses are set at MQV = 1 TeV and M
L
V = 400 GeV.
the scale where the perturbative unification α3 = α2 occurs is less well controlled in the
(16 + 16) scenario, but this may be mitigated substantially by elevating the SUSY scale
into the several TeV range.
We next consider the rate of proton decay p → e+pi0 via dimension-6 operators from
heavy gauge boson exchange, in keeping with the prescription of Ref. [39].
τp(e
+pi0) ' 1.0× 1034 ×
(
2.5
AR
)2
×
(
0.04
αGUT
)2
×
(
MGUT
1.0× 1016 GeV
)4
years (2.2)
The lifetime scales as a fourth power of the unification scale MGUT, as an inverse-squared
power of the unified coupling αGUT, as an inverse-squared power of the hadronic matrix el-
ement αH [40], and as an inverse-squared power of the dimensionless 1-loop renormalization
factor AR ≡ ASDR ALDR associated with anomalous dimension of the relevant baryon-number
violating operators. The long-distance factor ALDR takes a universal value of approximately
1.2, while the short-distance factor ASDR is highly dependent upon the ultra-violet field
content, generally increasing with the addition of new vector-like supermultiplets. For the
special cases (10, 10) and 3× (5, 5), where the 1-loop beta-function coefficient of the strong
coupling vanishes, a limit for the continuous value of ASDR may be smoothly numerically
extrapolated. The central projected proton lifetime for each of the itemized scenarios
is presented in Table 1. Current limits on the considered e+pi0 decay mode are around
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N(10, 10) N(5, 5) MGUT αGUT ∆Y 2 A
SD
R τp(e
+pi0)
0 0 1.1 0.039 0.001 2.0 14
0 1 1.1 0.049 0.003 2.4 6.9
0 2 1.2 0.065 0.004 3.1 3.2
0 3 1.4 0.10 0.007 4.3 1.5
0 4 2.7 0.30 0.007 6.7 0.93
1 0 1.2 0.10 0.016 4.3 0.76
1 1 1.6 0.30 0.070 6.8 0.10
Table 1. Unification parameters and proton lifetime projections for various configurations of
SU(5) vector-like supermultiplets taken in addition to the field content of the MSSM. The scale
MGUT at which α3 = α2 = αGUT is given in units of 10
16 [GeV]. The ratio ∆Y 2 represents
the fractional separation of αY and α2 at the GUT scale. The dimensionless factors A
SD
R reflect
short-distance renormalization of the anomalous dimension associated with relevant baryon-number
violating operators. The proton lifetime τp in the dimension-six e
+pi0 channel is projected in units
of 1034 [y]. All entries are computed for vector-like masses MQV = 1 TeV and M
L
V = 400 GeV, with
all sparticles at MSUSY = 2 TeV, and tanβ = 10.
1.7 × 1034 years [41]. Uncertainties in the hadronic matrix element [42], the finite-order
renormalization group analysis, the low-energy boundary values, and unknown high-energy
threshold effects, coupled with the large powers apparent in Eq. (2.2) lead to substantial
uncertainties in the projected rate, often estimated to exceed an order of magnitude [41].
It would seem then that all scenarios considered in Table 1, with the possible exception
of the (10, 10 + 5, 5) case, are generally consistent with current bounds. Moreover, several
of these scenarios point to a high likelihood of a signal at next-generation experiments
such as Hyper-Kamiokande [43]. We assume that the potentially dangerous dimension-
five higgsino-mediated proton decay has been appropriately suppressed. We remark that
this operator is naturally suppressed in the flipped SU(5) GUTs, and the e+pi0 lifetime is
simultaneously extended by a factor of about five due to absence of 10101010 type contri-
butions [44], although we do not consider those scenarios further here.
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3 The Higgs Boson Mass and Vector-Like Particles
3.1 MSSM + (10,10)
As previously described, if there is direct coupling among new matter fields and the MSSM
Higgs field, the new matter fields will contribute at one-loop level to the CP-even Higgs
mass. Here, we consider in detail the case when new vector-like particles fill up (10, 10)
dimensional representation of SU(5). The representation (10, 10) of SU(5) decomposes
under the MSSM gauge symmetry as follows:
10 = Q10
(
3, 2,
1
6
)
+ U10
(
3, 1,−2
3
)
+ E10 (1, 1, 1) ,
10 = Q10
(
3, 2,−1
6
)
+ U10
(
3, 1,
2
3
)
+ E10 (1, 1,−1) . (3.1)
In case when we have new vector-like particles from (10, 10) multiplet, the new cou-
plings 10 ·10 ·Hu and 10 ·10 ·Hd are allowed, analogous to the top–quark Yukawa couplings,
but involving the charge 2/3 (−2/3) quark from the 10-plet (10-plet). Note that we employ
the SU(5) notation here for simplicity, with the understanding that Hu and Hd are not
complete multiplets of SU(5). Here we assume that the model also contains the SM gauge
singlet S field. A new coupling (S1010) is then allowed.
The part of the superpotential describing interaction among (10, 10), S and the MSSM
Higgs fields has the following form:
W = κ10Q10 U10Hu + κ
′
10Q10 U10Hd + λ
Q
10S Q10Q10 + λ
U
10S U10 U10 + λ
E
10S E10E10
+ λS HuHd +mSS
2 +MV
(
Q10Q10 + U10 U10 + E10E10
)
, (3.2)
where we have taken a common vector-like mass at the GUT scale MGUT for simplicity.
Thus, the up quark-like pieces of the 10 and 10 acquire Dirac and vector-like masses, while
the E10 lepton-like pieces receive only vector-like masses. In the case that κ10  κ′10, then
the contribution coming from the coupling κ′10 reduces the light Higgs mass in a manner
similar to the action of the bottom Yukawa contribution at large tanβ [34]. Also, we require
that the (10, 10) fields are R-parity odd. We assume furthermore that mixing of vector-like
particles with the SM are small so as to not violate bounds on flavor changing processes.
Nevertheless, even a small mixing of this variety allows vector-like particle from (10, 10) to
have prompt decay and avoid cosmological problems. In the superpotential, MV defines the
masses for the vector-like fields, Q10, U10 and E10. We will use MU and MD to represent
κ10 < vu > and κ
′
10 < vd > respectively.
In Figure 2, we show the renormalization group evolution of the (10, 10) couplings
in Eq. (3.2) from universal boundary values of λ = 4, 2, 1, 0.2 and κ = 0.5 at MGUT. A
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Figure 2. Renormalization group evolution of the (10, 10) couplings presented in Eq. (3.2). The κ
are analogs of the MSSM Yukawa couplings, linking the vector-like fields to the Higgs. The λ are
couplings of vector-like fields and their conjugates to the scalar S. The bold, solid curves, and also
the corresponding numerical coupling values provided at MS , adopt the value λGUT = 2. Additional
thin, dashed sets of curves for the evolution of the λ couplings from different boundary values (4, 2,
1, and 0.2) are included in order to exhibit the infrared quasi-fixed point behavior. Mass thresholds
consistent with the application of (MGUTV ,MSUSY) = (350 GeV, 2 TeV) are employed.
strong quasi-fixed point attraction in the infrared is observed for the λs. This behavior is
analogous to that observed by Pendleton and Ross [35] for the top quark Yukawa coupling,
wherein attraction toward an approximately universal value is observed at low energy
when starting from a sufficiently large coupling at the GUT-scale boundary. There is no
universal behavior for weak coupling at the GUT-scale, which generically also results in
weaker coupling at low energy. In Figure 3, we show the corresponding evolution of the
(10, 10) vector-like masses in Eq. (3.2) for a boundary value of MVGUT = 350 GeV. Although
not exhibited in Figure 3, a quasi-fixed point behavior of the vector-like particle masses,
similar to the couplings, is also observed.
Employing the effective potential approach we calculate the additional contribution
from the vector-like particles to the CP-even Higgs mass at one loop level. A similar
calculation was carried out in Ref. [32, 33].
[
M2H
]
10
= −M2Z cos2 2β
(
3
8pi2
κ210tV
)
+
3
4pi2
κ410v
2 sin2 β
[
tV +
1
2
Xκ10
]
, (3.3)
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Figure 3. Renormalization group evolution of the (10, 10) vector-like mass terms presented in
Eq. (3.2). The GUT-scale boundary values (λ, κ,MGUTV ,MSUSY) = (2, 0.5, 350 GeV, 2 TeV) are
adopted.
where we have assumed MV MD and
Xκ10 =
4A˜2κ10
(
3M2SUSY + 2M
2
V
)− A˜4κ10 − 8M2SUSYM2V − 10M4SUSY
6
(
M2SUSY +M
2
V
)2 (3.4)
tV = log
(
M2SUSY +M
2
V
M2V
)
. (3.5)
Here A˜κ10 = Aκ10−µ cotβ, Aκ10 is the Q10−U10 soft mixing parameter and µ is the MSSM
Higgs bilinear mixing term. MSUSY ' √mQ˜3 mU˜c3 , where mQ˜3 and mU˜c3 are the stop left
and stop right soft SUSY breaking masses at low scale.
Next, we present the leading 1- and 2- loop contributions to the CP-even Higgs boson
mass in the MSSM [36, 37]
[
M2H
]
MSSM
= M2Z cos
2 2β
(
1− 3
8pi2
m2t
v2
t
)
+
3
4pi2
m4t
v2
[
t+
1
2
Xt +
1
(4pi)2
(
3
2
m2t
v2
− 32piαs
)(
Xtt+ t
2
)]
, (3.6)
where
t = log
(
M2SUSY
M2t
)
, Xt =
2A˜2t
M2SUSY
(
1− A˜
2
t
12M2SUSY
)
, (3.7)
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with A˜t = At−µ cotβ, where At denotes the left stop and right stop soft mixing parameter.
The light Higgs mass is then expressed as
M2H =
[
M2H
]
MSSM
+
[
M2H
]
10
. (3.8)
From Eq. (3.3), we observe that the Higgs mass is very sensitive to the value of κ10, which
cannot however be taken arbitrary large without losing perturbativity of the theory up to
MGUT. We must therefore solve the RGE for κ10 to make sure that it remains perturbative
up to the GUT scale. It was shown in Ref. [32] that κ10 ≈ 1 can successfully realize a 125
GeV Higgs mass without invoking multi-TeV stop quark masses or a maximal value for the
At term.
Note that there is an additional tree-level contribution to the CP-even Higgs boson
mass from the λS HuHd coupling, given approximately by ∆M
2
H ≈ λ2v2 sin2 2β. Because
this contribution is significant only when tanβ ≈ 2, and λ is around 0.5 – 0.7, we will not
consider this contribution further here.
In Figure 4 we outline the viable parameter regions for κ10 and Xκ10 , given a Higgs
mass of 125 ± 2 GeV, for MSUSY = 2 TeV and various values of Xt. We see that the
vector particle contribution can be significant, allowing us to find the correct Higgs mass
for smaller Xt. The dependency on the Xκ10 term, which depends strongly on the scale
of the A-terms, is relatively weak. The much stronger dependency is on the coupling κ10.
Typically, for κ10 < 1/2, there is very little boost to the MSSM Higgs mass, although the
effect becomes substantial very quickly as this coupling goes to 3/4 or higher. Smaller
couplings are more plausible if the SUSY scale is heavier and/or the vector-like matter
scale is lower. Finally, the dependence on tanβ is weak.
3.2 MSSM + (5,5)
The representation (5, 5) of SU(5) decomposes under the MSSM gauge symmetry as follows:
5 = L5
(
1, 2,
1
2
)
+D5
(
3, 1,−1
3
)
,
5 = L5
(
1, 2,−1
2
)
+D5
(
3, 1,
1
3
)
. (3.9)
By itself, having only (5, 5) does not allow for any new Yukawa coupling to the MSSM
Higgs unless the new states in the 5 are mixed with the usual dc-quarks and lepton doublets.
Such a possibility is very strongly constrained (by flavor violation and unitarity of the CKM
matrix, among others), and so we will suppress all such mixings. However, if we introduce
an SM gauge singlet S, then Yukawa couplings of the form (in SU(5) notation) 5 · S ·Hu
and 5 · S · Hd are permitted. Here we also introduce a singlet S-field, as in the previous
section. In this case the MSSM superpotential has the following additional contribution
– 10 –
Figure 4. Regions of the parameter space for κ10 of Eq. (3.2) and Xκ10 of Eq. (3.4) that are
consistent with MH = 125± 2 GeV for various values of Xt from Eq. (3.7). The darkened regions
represent overlap between adjacent bands.
W ⊂ κ5L5SHu + κ′5L5SHd + λD5 S D5D5 + λL5 S L5 L5 + λS HuHd +mSS2 +
MV
(
SS + L5L5 +D5D5
)
. (3.10)
We also assume that there is an additional symmetry forbidding mixing between the vector-
like particles and the MSSM matter fields. With this assumption the singlet field S cannot
be identified with the right-handed sneutrino.
In Figure 5, we show the renormalization group evolution of the (5, 5) couplings in
Eq. (3.10) from universal boundary values of λ = 4, 2, 1, 0.2 at MGUT. An infrared quasi-
fixed point attraction for the λs is again observed. In Figure 6, we show the corresponding
evolution of the (5, 5) vector-like masses in Eq. (3.10) for a boundary value of MVGUT =
350 GeV. A quasi-fixed point behavior is true for masses in (5, 5) unification scheme as
well.
Using the effective potential approach we calculate the additional contribution to the
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Figure 5. Renormalization group evolution of the (5, 5) λ couplings presented in Eq. (3.10), which
link the vector-like fields and their conjugates to the scalar S. The bold, solid curves, and also the
corresponding numerical coupling values provided at MS , adopt the value λGUT = 2. Additional
thin, dashed sets of curves for the evolution of the λ couplings from different boundary values (4, 2,
1, and 0.2) are included in order to exhibit the infrared quasi-fixed point behavior. Mass thresholds
consistent with the application of (MGUTV ,MSUSY) = (350 GeV, 2 TeV) are employed.
CP-even Higgs mass at one loop [32]
[
M2H
]
5
= −M2Z cos2 2β
(
1
8pi2
κ25tV
)
+
1
4pi2
κ45v
2 sin2 β
[
tV +
1
2
Xκ5
]
, (3.11)
where we have assumed MV MD and
Xκ5 =
4A˜2κ5
(
3M2SUSY + 2M
2
V
)− A˜4κ5 − 8M2SUSYM2V − 10M4SUSY
6
(
M2SUSY +M
2
V
)2 (3.12)
tV = log
(
M2SUSY +M
2
V
M2V
)
, (3.13)
with A˜κ5 = Aκ5 − µ cotβ, where Aκ5 is the L5 − S soft mixing parameter and µ is the
MSSM Higgs bilinear mixing term.
In Figure 7 we outline the viable parameter regions for κ5 and Xκ5 , given a Higgs
mass of 125± 2 GeV, for MSUSY = 2 TeV and various values of Xt. We see that the vector
particle contribution can be significant and allows us to find the correct Higgs mass for
smaller Xt. The previous discussion of Figure 4 carries over.
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Figure 6. Renormalization group evolution of the (5, 5) vector-like mass terms presented in
Eq. (3.10). The GUT-scale boundary values (λ,MGUTV ,MSUSY) = (2, 350 GeV, 2 TeV) are adopted.
We also have a similar situation for the MSSM + (16, 16) case, although perturbative
gauge coupling unification suggests that the SUSY scale should be pushed upward to several
TeV.
4 Neutral vector-like doublet component as a resonance
In this section we present a new mechanism for the generation of a di-photon excess via
resonance of a neutral component of L5. Following standard notation, we denote the
neutral and charged components of L5 as ν5 and E5. Here we assume that we have a
(10, 10 + 5, 5) set of vector-like particles at low scale. As mentioned above, in order to
maintain successful gauge coupling unification in the MSSM vector-like particles should
compose full representations of SU(5). On the other hand, gauge coupling unification does
not require that all must come from the same representation of SU(5). In particular, in the
orbifold GUTs [15–17] and F-theory GUTs [18–21] (See Ref. [22] and references therein.),
etc., we can split the multiplets, and then the multiplets in the (10, 10 + 5, 5) can indeed
arise from different SU(5) representations.
In order to explain the diphoton excess we assume the existence of a Z3 baryon par-
ity [58] in the theory. So, in principle, the MSSM matter fields will mix with vector like
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Figure 7. Regions of the parameter space for κ5 of Eq. (3.10) and Xκ5 of Eq. (3.12) that are
consistent with MH = 125± 2 GeV for various values of Xt from Eq. (3.7). The darkened regions
represent overlap between adjacent bands.
q
q¯
ν˜5¯(ν˜i)
γ
γ
e i
(E
5¯
)
E10
Figure 8. Production and decay of the neutral component of L5 via the Q10L5D5 and L5L5E10
couplings.
fields. In this framework the relevant couplings to the diphoton excess are the following:
W ⊂ ηijkQi Lj Dck + ηDij5Qi L5Dcj + η1Q10 L5D5 + η′iQ10 LiD5
+ηiL5 LiE10 + η2L5HdE10, (4.1)
where the fields with Latin indices are the SM fields. These couplings will lead to the
Feynman diagram presented in Figure 8. The first four term in the above equation are
relevant for the production, while the fifth term is relevant for the decay of ν˜5. The last
term is for mass insertion. Here the MSSM sneutrinos can mix with ν˜5 and with appropriate
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choice of parameters we can have two neutral scalars with very close-by masses which may
lead to two nearby resonances. It is interesting to note that in this model we have lepton
number violation, which can generate proper mass and mixing of the neutrinos [59].
Another way to generate the diagram presented in Figure 8 is to assume that all colored
particles (Q10, Q10+U10, U10+D5, D5) from (10, 10+5, 5) are R-parity odd and all colorless
particles (E10, E10 + L5, L5) are R-parity even. In this case we need at least two pairs of
(5, 5). Then, in addition to the interactions given in Eq. 3.10, we have
W ⊂ ηUijkQi Lk5 Uj + ηDijkQi Lk5 Dj + ηklLk5 Ll5E10 + ηklLk5 Ll5E10
+ηkL
k
5 HdE10 + ηkL
k
5 HuE10 , (4.2)
where ηkl and ηkl are anti-symmetric in k and l. These couplings can explain the di-
photon excess observed at the LHC as follows: the first two operators facilitate production,
the third and fourth operators yield decays, and the last two operators provide for mass
insertions. Unlike the previous proposals [28, 29], R-parity is preserved here. Moreover,
again with proper choice of parameters, we can make Lk5 and L
k
5 nearly degenerate and
can explain a large decay width around 45 GeV. In this case gauge coupling becomes non-
perturbative before 1016 GeV. We should point out that this scenario can be embedded
nicely into orbifold GUT framework, which we will discuss in a follow-up paper.
5 The Di-Photon Excess
κ
′
1 κ
′
2 κ
′
3 κ
′
1 κ
′
2 κ
′
3
(Q, Q)
λQ10g
2
Y
96pi2MQ
3λQ10g
2
2
32pi2MQ
λQ10g
2
3
16pi2MQ
(L, L)
λL5 g
2
Y
32pi2ML
λL5 g
2
2
32pi2ML
0
(U , U)
λU10g
2
Y
12pi2MU
0
λU10g
2
3
32pi2MU
(E, E)
λE5 g
2
Y
16pi2ME
0 0
(D, D)
λD5 g
2
Y
48pi2MD
0
λD5 g
2
3
32pi2MD
Table 2. The coefficients κ
′
i (i = 1, 2, 3) for different vector-like particles. Note that the effective
couplings κi can obtained from the above coefficients by multiplying them by the loop functions
A1/2(τF ) (for F = Q10, U10, D5, L5, E10) and A0(τF˜ ) (for SUSY partners of F ), presented in Eq. 5.3
The heavy F = Q10, U10, D5, L5, E10 fermions, as well as their supersymmetric scalar
partners, can induce effective loop-level couplings between S and the SM gauge bosons, as
given in Table 2. Likewise, couplings to the fermion(s) N can lead to invisible tree-level
decays at the collider whenever kinematically allowed,
Leff. = κ1SBµνBµν + κ2SW jµνW jµν + κ3SGaµνGaµν + κNNSNN, (5.1)
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where Bµν , W
j
µν and Gaµν respectively represent the field strength tensors of the SM U(1)Y ,
SU(2)L and SU(3)c groups, while j = 1, 2, 3 and a = 1, 2 . . . 8 are indices of the associated
non-Abelian adjoint representations. The effective couplings κi (i = 1, 2, 3) can be obtained
from the coefficients κ
′
i presented in Table 2 by,
κi =
k∑
n=1
κ
′
in A1/2(τFn) +
2k∑
n=1
κ
′
in
MFnAFn
2M2
F˜n
A0(τF˜n) , (5.2)
where the summation extends over the number of copies of (5, 5) and (10, 10), and AF are
the trilinear couplings of S with the SUSY partners of the vector-like fermions. The loop
functions A1/2(τ) and A0(τ) are given by
A 1
2
(τ) = 2
∫ 1
0
dx
∫ 1−x
0
dz
1− 4xz
1− xzτ ,
A0(τ) =
∫ 1
0
dx
∫ 1−x
0
dz
4xz
1− xzτ , (5.3)
with τ =
M2S
M2
. Please note that in the decay width calculations involving massive gauge
bosons, the effect of gauge boson mass on loop functions have been neglected since they
change the loop functions only by ∼ 5%. In addition we also assumed that the mixing
between the sparticles (F˜n) is negligible in the formulas of Eq. (5.2).
After rotation to the physical gauge boson states, these effective couplings can be
written for both isosinglet and SU(2)L doublet as,
κγγ = κ1 cos
2 θW + κ2 sin
2 θW ,
κZZ = κ2 cos
2 θW + κ1 sin
2 θW ,
κZγ = (κ2 − κ1) sin 2θW ,
κWW = 2κ2 ,
κgg = κ3 , (5.4)
where θW is the weak mixing angle.
The current LHC bounds on vector-like quark masses range from 735 GeV for D-type
isosinglets to 855 GeV for the doublet Q (see [38] and references therein). However, these
bounds depends on BRs of the vector-like quarks to the relevant final states. The BRs for
a particular BP depends on the mixing of vector-like quarks with SM quarks and we can
tune the mixing parameters to satisfy the bounds. The loop contribution from charged
sfermions interfere constructively with those from fermions. For simplicity, we assume a
common mass for the heavy fermions and their superpartners, MF = MF˜ , during the
– 16 –
evaluation of loop functions. With a reasonable choice of AF /MF˜ , including the sfermions
enhances σγγ significantly. It is shown in Ref. [33] that the requirement that there be no
charge- or color-breaking minima in the scalar potential lower than the SM minimum in
the presence of vector-like fields requires A2F < 6(M
2
V +M
2
SUSY). For the rest of the paper
we select AF /MF˜ based on this upper limit of AF to maximize σγγ .
At the LHC, the diphoton production cross-section by means of gluon gluon fusion can
be written in the narrow-width approximation,
σγγ = K
pi2
8MS
Γ(S → gg)Γ(S → γγ)
ΓS
× 1
s
∫
dx1dx2fg(x1)fg(x2)δ
(
x1x2 − M
2
S
s
)
, (5.5)
where fg is the gluon parton distribution function inside a proton, x denotes the fraction of
each beam’s energy carried away by the corresponding gluon, K is the QCD K-factor and
√
s = 13 TeV. ΓS = Γγγ + ΓZγ + ΓZZ + ΓWW + Γgg + ΓNN denotes the total decay width
of S. We have used the PDFs of MSTW2008LO [45] for the gluon luminosity calculation with
the factorization scale set at MS . We evaluated αs to be 0.092 at our scale of interest but
we found that α does not change significantly from its value (0.0078) at MZ . A K-factor
of 2.5 is used in our calculation, which is the K-factor for 750 GeV SM-like Higgs [46]. We
also included α4s correction to Γgg, which increases it by a factor of ∼ 1.7 [47]. Similarly,
the diphoton cross-section due to qq annihilation in the narrow-width approximation is,
σγγ = K
4pi2
9MS
Γ(S → qq)Γ(S → γγ)
ΓS
×1
s
∫
dx1dx2
{
fq(x1)fq(x2)δ
(
x1x2 − M
2
S
s
)
+ 1↔ 2
}
,
(5.6)
where Γgg is replaced by Γqq in ΓS and fq(fq) represents the quark (anti-quark) parton
distribution function inside a proton. For the qq resonance we used a K-factor of 1.3, which
is the K-factor for Drell-Yan production processes [48].
We should emphasize here that the experimentally observed width of the resonance
is quite large. ATLAS reported a width as large as Γ = 0.06MS . However the data
collected so far is insufficient to claim such a broad width conclusively. Ref. [14] performed
a likelihood analysis to fit both CMS and ATLAS data and checked for their consistency
against the 8 TeV data as well. Their fit to the combined run-I and run-II data indicates
that the resonance at 750 GeV can be fit by σγγ ∼ 0.7− 16 fb for ΓS ∼ 5− 100 GeV at 2σ
level. Nevertheless, we adopt a conservative point of view and take the indicated width at
face value, thus restricting our study to ΓS ∼ 5− 45 GeV. After the re-analysis of the data
by CMS and ATLAS, Ref. [52] has performed a updated likelihood analysis to fit both 8
and 13 TeV datasets of both experiments. They conclude that a narrow (broad) width
resonance between ∼ 730− 755 (710− 765) GeV can be fit by σγγ ∼ 1− 5 (2.5− 9) fb at
2σ level, with the best-fit being at 2.6 (6.9) fb. We perform a new analysis on the relative
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Figure 9. Diphoton cross-section for different combinations of MGUTV and λGUT for both (10, 10)
[left panel] and 3× (5, 5) [right panel]. We fixed MSUSY at 2 TeV and used the maximum value of
AF allowed by color- and charge-breaking condition, A
2
F < 6(M
2
V +M
2
SUSY).
likelihood of small or large widths in the case of dual resonances centered on a mass M
with a gap ∆M in Section 5.3.
The evolution of the couplings and masses of vector-like fermions between the GUT
scale and the scale of the observed resonance MS ∼ 750 GeV have been discussed in
previous sections for both (10, 10) and (5, 5) extensions of the MSSM. We find that at
least three copies of (5, 5) vector-like multiplets are needed in order to enhance the scalar
resonance cross-section to fit the data. Four copies of (5, 5) provide comparatively better
fit to the data, although this scenario, like the (16, 16), is on the edge of criticality and
may exhibit a Landau pole if the vector-like and/or SUSY scales are too light. Similarly,
two copies of (10, 10) multiplets fit the excess better than one copy, although this scenario
is strictly incompatible with perturbative unification. In Fig. 9, we show diphoton cross-
section for different combinations of MGUTV and λGUT for both (10, 10) and 3× (5, 5). We
fixed MSUSY at 2 TeV and used the maximum value of AF allowed by color- and charge-
breaking condition discussed earlier in the section. From Fig. 9 we can see that for a range
of values of (MGUTV , λGUT ), σγγ . 10 fb and 50 fb can be achieved for (10, 10) and 3×(5, 5)
respectively. We did not consider any invisible decay width for the plots of Fig. 9. If we
increase MSUSY to 3 TeV the corresponding largest σγγ that can be attained are ∼ 12 fb
and 70 fb. One should infer that points for which σγγ are too high might be ruled out by
the dijet constraint. However those points can survive if we introduce large invisible width
and attain a smaller σγγ in the process.
It should be noted that the loop induced diphoton and dijet widths are inadequate to
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BP BP-1 BP-2 BP-3
(10, 10) 3× (5, 5)
MGUTV [GeV] 425 455 360
λGUT [GeV] 3.02 0.76 3.16
MSUSY [GeV] 2000 3000
MQ [GeV] 1389 – –
MU [GeV] 1086 – –
MD [GeV] 456 – –
ME [GeV] – 606 381
ML [GeV] – 1166 704
λQ 0.83 – –
λU 0.60 – –
λD 0.31 – –
λE – 0.34 0.36
λL – 0.68 0.69
AF /MF˜ 4.29 4.86 10.7
ΓS [GeV] 0.04 0.05 35.0
σγγ 2.60 2.60 1.00
σZZ 3.80 4.71 2.22
σZγ 0.24 0.56 0.40
σWW 9.34 12.4 6.14
σgg 505 576 71.4
σinvisible – – 5743
Table 3. Total decay width of S and cross-section at
√
s = 13 TeV in associated final states. The
invisible cross-section σNN is used to evaluate its monojet signal rate. The couplings and masses
of vector-like fermions, as well as (MGUTV , λGUT ), used are shown in Table
account for O(10) GeV width. The width associated with a resonance for both 3 × (5, 5)
and (10, 10) cases are . 1 GeV. Consequently, we require the width ΓNN to be significant to
obtain large width. In Table 3, we show the benchmark points for each unification scheme
that explains the diphoton excess, and the cross-sections into several leading associated
final states.
Table 3 presents predicted cross-sections in leading final states for various restrictions
on the total width ΓS . BP-1 and BP-2 are two BPs that show the best-fit diphoton cross-
section (2.6 fb) of Ref. [52] for a narrow width resonance in the (10, 10) and 3 × (5, 5)
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η115 ΓS σγγ σZZ σZγ σWW σqq σinvisible
[GeV] [fb] [fb] [fb] [fb] [fb] [fb]
ν˜5 resonance
BP-4 0.07 0.22 1.20 0.10 0.69 – 2332 –
BP-5 0.08 0.35 1.00 0.08 0.57 – 2543 213
Table 4. Total decay width of ν˜5 and cross-section at
√
s = 13 TeV in associated final states,
when ν˜5 can act as the observed resonance (also includes ν˜
∗
5
degenerate with ν˜5), as discussed in
Section 4. We assumed that ν˜5 couples to only the first generation quarks and the relevant coupling
η115 is also presented. M
E
10 and λ
E
10 are fixed at 400 GeV and 1 respectively for the evaluation of
the loop functions. σinvisible stands for any invisible or semi-invisible decay of ν˜5 in SUSY particles.
For dijet cross-section calculations the contribution from the charged scalars of the doublet are also
included.
unification schemes. For (10, 10) we can not achieve a width larger than the diphoton
resolution (∼ 10 GeV) at 750 GeV. Hence we do not show any large width BP for (10, 10).
However, as large a width as ΓS ∼ 35 GeV is possible for 3×(5, 5) scheme with a reasonable
choice of MSUSY ≤ 3 TeV. One such BP (BP-3) is shown in Table 3.
Next, let us discuss the constraints from few associated diboson (S →W+W−, ZZ, Zγ)
final states, which arise from the couplings presented in Eq. 5.1. The W+W−, ZZ, Zγ sig-
nals are estimated to be at comparable rate to γγ channel as they originate from the same
set of couplings, as shown in Table 3. Among these three weak-boson channels, Zγ is
the most stringent and CMS [49] constrains a monophoton signal to be less than 30 fb
with missing energy /ET > 250 GeV. The supersymmetric (10, 10) and 3 × (5, 5) cases we
considered here clearly satisfy these bounds.
Since the gg and NN can take up sizeable partial width in comparison to γγ, they
should be investigated more thoroughly. In their most recent dijet analysis, using 13 TeV
data, both CMS [50] and ATLAS [51] set a bound on dijet resonance mass only above 1
TeV. However, CMS places a 2 pb bound on a 750 GeV gg resonance from run-1 data [10].
From this result we can easily estimate a model independent bound on the relative ratio
between gg and γγ,
BRgg
BRγγ
< η · σ
8TeV
jj
σγγ
, (5.7)
where η = σS13TeV/σ
S
8TeV ≈ 5 accounts for the difference in the S production cross-section at
8 TeV. This constraint can rule out heavy quark only models, where the two gluon channel
dominates over diphoton due to the quarks’ fractional electric charge. In our unification
models, the inclusion of heavy leptons in (10, 10) and 3× (5, 5) enhances κγγ and becomes
consistent with this dijet constraint. The dijet cross-sections of our BPs at 8 TeV, in
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comparison with the same at 13 TeV, are shown in Table 5.
BP σ13 TeVgg/qq σ
8 TeV
gg/qq
[fb] [fb]
BP-1 505 107
BP-2 576 122
BP-3 71.4 15.1
BP-4 2332 910
BP-5 2543 992
Table 5. Comparison of dijet cross-section of our BPs at 8 TeV and 13 TeV. The CMS 8 TeV
bound on cross-section at 750 GeV dijet invariant mass is 2 (1) pb (for gg (qq) resonance) [10].
As it is also relevant to the dijet constraints, we should presently discuss the case where
the neutral component of a vector-like doublet (ν˜5) acts as the resonance. We assume that
ν˜∗
5
is nearly degenerate with ν˜5 and by ‘ν˜5 resonance’ we henceforth mean a combination of
both, unless stated otherwise. In this case, the ν˜5(s) are produced by tree-level interactions
with valence quarks, as shown in Figure 8. Subsequently, it may potentially decay to qq with
a large cross-section. Such scenarios are severely constrained by CMS dijet bounds [10].
In addition, the charged scalar of the doublet will also contribute to the dijet with an even
larger cross-section at near the same invariant mass [29].
Two such BPs are presented in the Table 4. For these BPs, we assume that ν˜5 couple
only to first generation valence quarks. The coupling ηD115 relevant to ν˜5 production (see
Eq. 4.1) are chosen to be 0.07 and 0.08 for BP-4 and BP-5, respectively, by fixing ME10 =
400 GeV and λE10 = 1 for the evaluation of the loop functions. However, this results in
an appreciable decrease in the width of the resonance. BP-4 represents a point wherein
invisible decay of ν˜5 to SUSY particles is prohibited, and it provides a width of only 0.22
GeV. For completeness, we provide BP-5, which corresponds to the largest width (0.35
GeV) possible for these kinds of scenarios when adopting the smallest σγγ that can fit
the data [52]. We allow a small invisible decay width of ν˜5 to SUSY particles in order
to achieve a larger width for BP-5. We will discuss possible ways to resolve this problem
in Sub-section 5.2. Nevertheless, a large invisible/semi-invisible decay width will further
reduce an already small σγγ for ν˜5 resonance scenarios and might not be able to fit the
data. Clearly both these BPs are consistent with the 8 TeV CMS diphoton constraint [52].
In Table 5 we also show the 8 TeV dijet cross-sections arising from these BPs, which is
again within the CMS constraint (1 pb for 750 GeV qq resonance). For dijet cross-section
calculations in both Table 4 and Table 5 the contribution from the charged scalars of the
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doublet are also included.
Finally, we should mention that for all the calculations pertaining to ν˜5 resonances are
performed using the Lagrangian of Eq. 4.1. If we instead use the Lagrangian of Eq. 4.2, a
possible interaction of ν˜5 with uu is possible. However, due to strong constraints arising
from dijet final states, it will not alter qualitative discussions regarding the ν˜5 resonance.
Coming back to the SM singlet scalar resonance, we notice from Table 3 that the
invisible decay, S → NN , consumes the major fraction of the total width for BP-3. This
channel can be associated with a monojet process, pp→ Sj → j+/ET , where an extra jet
from initial state radiation, or gluon-splitting, can provide a large transverse momentum
and boost the invisibly decayed S into missing transverse energy. The monojet cross-section
can be written as,
σNNj(pT ) = pT ×
(
σobs.γγ ·
BRNN
BRγγ
)
, (5.8)
where pT is the cross-section ratio between pp → Sj with jet transverse momentum pT
harder than a given threshold to pp→ S.
σNNj(pT ) ≡ σS × BRNN × pT (5.9)
We obtain pT for various thresholds, as given in Table 6. For monojet events, this jet pT
equals the missing transverse energy /ET .
/ET cut (GeV) pT (8 TeV) pT (13 TeV) CMS [53] 8 TeV bound at 95% C.L.
200 0.14 0.18
300 0.063 0.094 0.09 pb
400 0.031 0.052
500 0.015 0.030 0.006 pb
Table 6. Parton level pT for monojet events with resonance at 750 GeV. MadGraph/MadEvent [55]
is used to simulate the monojet events. The production cross-section σS is a factor of 5 smaller at
the 8 TeV run.
It is also interesting to note that the monojet cross-section falls faster than the CMS
constraint, and a higher /ET cut gives a better constraint. Taking the upper limit with
/ET > 500 GeV, the invisible decay branching is constrained to be,
BRγγ
BRNN
> η−1 · pT σγγ
0.006pb
∼ 10−3 @ 95%C.L, (5.10)
This constraint may be in tension with a large invisible width, which the measured 6%MS
often requires. In the next sub-section, we discuss options to evade this monojet constraint.
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5.1 Semi-invisible S decays
As a large invisible width in the S decay may be constrained by monojet limits, it can be
worth promoting such invisible NN final state into ‘semi-’invisible, by allowing N to decay
into another missing particle and relatively soft leptons arising dominantly from Z∗ decay
with 10− 20 GeV energy due to small mass gaps between N and the missing particle. The
leptons can also be due to a slepton in between the NLSP and LSP. Because the monojet
searches veto on isolated leptons (e, µ) with a small pT (> 7 GeV at CMS [53] and > 10
GeV at ATLAS [54]) and pT (τh) > 20 GeV, the presence of such final state particles may
allow semi-visible decays of this variety to evade the monojet bounds. Direct production
(without monojet) of this event topology from the resonance channel produces N ’s back-
to-back, resulting in a visible system consisting solely of soft leptons, and an absence of
appreciable missing energy.
Given the MSSM framework of our benchmark scenarios, the supersymmetric partner
of S may itself very ably serve this purpose. For example, a κSS
3 type of term in the
superpotential, as in the popular Next-to MSSM (NMSSM) [56] model, allows the singlet
to decay into a pair of singlinos, and the singlino can mix with other gauginos and Higgsinos
in the model. As the singlino may derive its mass separately when the singlet develops its
own vacuum expectation value, the singlino can have a mass splitting of around 10 − 30
GeV with Higgsinos and bino, with the latter being the dominant component of the LSP,
while the singlino dominates the NLSP. Also, one may imagine a slepton in between the
NLSP and the LSP, χ˜02 → χ˜01ll where the lepton energies depend on the mass gap between
slepton and the χ˜0s.
In such a singlino-gaugino-Higgsino mixed case, a large self-coupling κS ∼ 1 can dom-
inate the S width by decaying into a pair of singlino-dominated NLSPs, which in turn
produce high enough pT leptons to evade monojet searches. Note that, beside the cu-
bic κS3 term, the λSSHuHd term also allows S decay into neutrinos via their mixing
with MSSM Higgses. However, this interaction can induce S → V V, hh at branching ra-
tios comparable to that into neutrinos, which are highly constrained by four lepton/b-jet
searches.
5.2 The ν˜5 resonance case
As mentioned earlier, the ν˜5 resonance scenarios discussed in Section 4 also suffer from the
narrow width problem. This problem can be resolved if one has near-degenerate sneutrinos
with mass splitting of O(10) GeV. Due to the antisymmetric nature of the 105¯5¯ couplings,
either ν˜5 mixes with MSSM sneutrinos (for the superpotential of Eq. 4.1) or we require
at least two L5 doublets (for the superpotential of Eq. 4.2). Hence, it is natural to have
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two highly proximal scalar resonances. If this is the correct interpretation of the observed
bump, then with additional data it will resolve into two isolated narrow resonances. We
investigate the relative statistical evidence for such a scenario in the next section.
5.3 Statistical analysis of resonance width and multiplicity
In this section we consider the possibility of a wide resonance, and the faking of a large
apparent width by the overlap of adjacent dual resonances of more narrow intrinsic width.
For concreteness, we perform the analysis in the context of data collected by the ATLAS [6]
collaboration at the 13 TeV LHC, representing an integrated luminosity of 3.2 fb−1. Based
upon this data, ATLAS reported a local 3.9σ excess at a diphoton invariant mass around
747 GeV, when assuming a large width of about 45 GeV (or 3.6σ when assuming a nar-
row width). Whereas there is slight preference in the ATLAS analysis for a large decay
width, the theoretical realization of such a value presents certain challenges for maintaining
consistency with limits in other channels, as addressed in the present work. We therefore
presently investigate the goodness-of-fit achievable in a dual-resonance model, and quantify
the statistical preference for various mass gaps ∆M between the two peaks and various
intrinsic widths Γ for each. We reiterate that data from CMS is not as suggestive of a large
width, although the new procedure that we introduce remains applicable to any similar or
future suggestion of an apparently large collider resonance width.
Table 7 summarizes observations (extracted from the published plot) in the diphoton
channel for eight invariant mass Mγγi bins (i = 1 . . . 8) of 40 GeV width spanning from
590 to 910 GeV, which contain and surround the described local excess. The binned signal
counts Si represent deviation of the data from the estimated background Bi. Also tabulated
are an bin-by-bin estimates of the statistical uncertainty σi ≡
√
1 +Bi in the background
projection (taking “+1” as a regulator for faint backgrounds), the signal significance ℵi ≡
Si/σi, and the fractional event count fi ≡ Si/(S ≡
∑
i Si).
The largest excess exists in the central pair of considered bins, whereas a less significant
positive deviation is observed in the two counting regions to either side. Outside of this
central region of interest small (and frequently negative) deviations are observed. We
have tabulated an additional four such bins (and have retained in the analysis a larger
total of 17), interpreted as a sideband, for the purpose of allowing overflow in scenarios
with especially wide Breit-Wigner distribution profiles and/or separation between peaks
of dual resonances. In order to avoid propagating (ostensibly) statistical fluctuations into
quantities such as the mean resonance mass, the value of Si in these outer bins is forced to
(0). The inclusion or exclusion of additional sideband bins has no meaningful effect on our
analysis beyond the stated purpose of absorbing overflow. We will adopt the hypotheses of
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a total beyond the SM event count S = 14.8, and a mean (significance weighted) resonance
mass M ≡∑i〈Mi〉 × ℵi ÷∑i ℵi = 744 GeV. The unified local event significance is na¨ıvely
estimated as ℵ ≡ √∑i ℵ2i ' 3.4.
Mγγi [GeV] 590-630 630-670 670-710 710-750 750-790 790-830 830-870 870-910
Background Bi 14.2 10.7 8.1 6.2 4.9 3.8 3.1 2.5
Signal Si 0.7 (0) -0.7 (0) 1.9 7.7 4.1 1.1 -1.1 (0) - 0.5 (0)
σi ≡
√
1 +Bi 3.9 3.4 3.0 2.7 2.4 2.2 2.0 1.9
ℵi ≡ Si/σi 0 0 0.63 2.9 1.7 0.50 0 0
fi ≡ Si/S 0 0 0.13 0.52 0.28 0.07 0 0
Table 7. Summary of data collected by the ATLAS [6] collaboration at the 13 TeV LHC in the
diphoton channel with integrated luminosity of 3.2 fb−1. Bi represents the collaboration estimate
for the SM background, and Si represents observed deviations from this estimate.
The normalized Breit-Wigner distribution function BW (E,Γ,M) in energy E is writ-
ten as follows.
BW (E ⇒ αM,Γ⇒ βM,M) ≡ 2β
piM
×
√
2 (1 + β2)
1 +
√
1 + β2
× 1
(α2 − 1)2 + β2 (5.11)
Any given physical event detection environment will additionally be limited by constraints
on resolving power, which introduce stochastic fluctuation about the true signal shape.
This smearing effect may be modeled by the normalized Gaussian distribution G(x, µ, σ)
at x with mean µ and standard deviation σ, as follows.
G(x, µ, σ) ≡ 1
σ
√
2pi
× exp
{
−(x− µ)
2
2σ2
}
(5.12)
For analysis of the ATLAS diphoton data, we will adopt an intrinsic width of σ =
7 GeV. In order to predict the detector yield for a given theoretical distribution, it is
necessary to convolve with the smearing function, integrating over the original source spec-
trum. We will denote the Gauss-convolved Breit-Wigner distribution as B˜W (E,Γ,M, σ).
B˜W (E,Γ,M, σ) ≡
∫ ∞
0
G(E,E′, σ)×BW (E′,Γ,M) dE′ (5.13)
Integration of this distribution yields the event fraction fBWi falling within the i
th energy
bin interval
[
EMini , E
Max
i
]
.
fBWi =
∫ EMaxi
EMini
B˜W (E,Γ,M, σ) dE (5.14)
In order to incorporate the effects of dual similar resonances with separation ∆M about a
mean valueM , it is simply necessary to replace the smeared resonance function in Eq. (5.13)
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Figure 10. Event distributions are plotted for dual resonance scenarios with various mass gaps
∆M and intrinsic widths Γ for each resonance. A mean resonance mass of M = 744 GeV is assumed
in each case. The blue and red curves depict the projected Breit-Wigner event yield fractions per
40 GeV width before (dotted) and after (solid) convolving with a 7 GeV Gaussian event resolution.
The solid green curve represents the mean event profile for each scenario. The gold-filled histograms
represent projections for the binned event counts. The dotted black outlines represent experimental
excesses over the SM background, as observed by the ATLAS collaboration. Error bars represent
statistical fluctuations in the excess for each channel, with a net observation of S ∼ 15 events.
with an average over two similar such terms B˜W (E,Γ,M ±∆M/2, σ), each displaced by
half of the mass gap. In Figure. 10, we exhibit the distinct intrinsic Breit-Wigner profiles,
as well as the effects of smearing and summing, and the projected binned event populations
for various values of ∆M and Γ.
However, there is an essential element of fortune that effects the interpretation of
binned event data. Specifically, an intrinsically narrow resonance, broadened slightly by
detector resolution effects, and falling close to a binning edge, may perchance uniformly
populate two adjacent bins and thereby present the illusion of a larger width. We may
attempt to quantify this effect by marginalizing over a displacement offset O of each bin by
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Figure 11. The local χ2 preference for each signal hypothesis over the null background-only
hypothesis is plotted for dual resonance scenarios with various mass gaps ∆M and intrinsic widths
Γ for each resonance. A mean resonance mass ofM = 744 GeV is assumed in each case. Significances
for the log-likelihood difference in four degrees of freedom are recast in terms of a multiple Nσ of
the one-dimensional standard deviation σ corresponding to an equivalent p-value.
up to half of the interval ∆E = E
Max
i −EMini in either direction. It is not sufficient, though,
to simply take the mean event fraction gathered by the ith bin by averaging Eq. 5.14 over all
offsets O. This is because over and under population of a bin will tend to cancel, whereas
either scenario is individually to be disfavored. Instead, it is important to square prior to
performing such an average, in order to effectively characterize the statistical likelihood that
the appearance of width in a binned analysis may be faked by a single narrow resonance
near the boundary.
To proceed, we construct a χ2 statistic comparing the difference-squared of the ob-
served signal Si to the modeled event count S
BW
i (O) = S × fBWi (O) at a given mutual
offset
[
EMini +O, EMaxi +O
]
of the energy boundaries of each bin to the statistical variance
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σ2i , and sum over C binned energy channels.
χ2(O) ≡
C∑
i=1
[
SBWi (O)− Si
]2
σ2i
(5.15)
We then marginalize this statistic over the binning offset, holding the expected value Si of
binned events, the statistical uncertainty σi, and the resonance center M fixed. In practice,
for computational speed, we opt to approximate this numerical integration as a discretized
sum with a reduced binning width (much less than the smearing width) of 1 GeV. In order
to avoid numerical divergences, a hard floor of Γ ≥ 0.05 GeV is imposed for all calculations.
χ2 =
1
∆E
×
∫ +∆E/2
−∆E/2
χ2(O) dO (5.16)
This statistic is dependent upon four degrees of freedom, namely the mass gap ∆M
between the dual resonances, the intrinsic width Γ of each resonance, as well as the mean
resonance mass (which we take to be optimized at M = 744 GeV) and the net signal
strength (which we take to be optimized at S = 14.8 events). For the null background-only
model, which has no degrees of freedom, Eq. (5.15) reduces to the previously tabulated ℵ2 '
11.7. The goodness of a fit to data may be quantified by the comparison of these factors.
Specifically, Wilks’ theorem states that twice the difference of negative-log-likelihoods for
nestable model templates is approximately χ2D distributed, with degrees of freedom D
equal to the difference in number of optimized parameters. The criterion for a significant
improvement at a type-I error level p for the 4-parameter signal fit over the background-
only template follows, where the cumulative distribution function (CDF) gives the fraction
of parameter space bounded within a multi-dimensional (typically Gaussian) integration
out to some “radius” χ.
χ2 ≤ ℵ2 − CDF−1(D ⇒ 4, 1− p)/2 (5.17)
The inverse CDF is simply the χ2D boundary value in D dimensions for which a fraction
p of possible outcomes would be considered more extreme. For example, with D = 4, the
inverse CDF χ2-values for confidences levels (1 − p) corresponding to {68, 95, 99.7}%, i.e.
{1, 2, 3} standard deviations, are {4.7, 9.7, 16.32}, respectively. Eq. (5.17) may alternatively
be inverted to solve for the p-value, which may be converted into an equivalent significance
multiple Nσ of the one-dimensional Gaussian standard deviation σ.
p = 1− CDF(D ⇒ 4, 2× [ℵ2 − χ2] ) (5.18)
Nσ =
√
CDF−1
(
D ⇒ 1, 1− p) (5.19)
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Contours of the value of Nσ from Eq. (5.19) are plotted in Figure 11 for relevant points
in the two-dimensional (∆M ,Γ) subspace, at fixed M . The best fit is found to occur for a
dual resonance with ∆M ' 40 GeV, and an intrinsic width of each resonance Γ ' 20 GeV.
All scenarios with Γ & 20 GeV fit the data reasonably well. With Γ . 10 GeV a good fit
can apparently not be realized for the single resonance model. With a single resonance,
Γ ' 40 GeV is preferred, and with two narrow resonances, ∆M ' 40 GeV is preferred. In
general, there is a band of favored solutions, wherein the introduction of a modest splitting
between dual resonances allows for the intrinsic width of each to be reduced.
6 Conclusion
We have considered vector-like multiplets (5, 5) and (10, 10) in the context of SU(5) gauge
coupling unification and investigated their compatibility with the 750 GeV diphoton reso-
nance, using the renormalized masses and Yukawa couplings at that scale.
• We demonstrated the effect of these new multiplets on the unified scale and coupling
strength. We also investigated the new Yukawa couplings and mass terms associated
with new vector-like multiplets and the new scalar perturbatively, evolving down
universal values from the GUT scale.
• Inclusion of the new vector-like multiplets allows us to reduce the burden on the stop
squarks to provide additional necessary contribution to the 125 GeV Higgs mass in
the MSSM. We have provided a numerical estimate of contributions to the Higgs
mass arising from various vector-like configurations.
• We also showed that the proton decay rate for p → e+pi0 in these models may be
enhanced and lie within the reach of future proton decay experiments.
• We demonstrated the capacity of 3 copies of (5, 5) and 1 copy of (10, 10) to explain
the observed excess. However, the width associated with such a resonance is very
narrow . 1 GeV for both 3×(5, 5) and (10, 10), whereas the experimentally preferred
width is much larger.
• In order to accommodate such a width, we introduced an additional decay mode
where the new scalar singlet decays into singlinos, which then decay into Higgsinos
by emitting soft leptons with pT ∼ 10 − 20 GeV. This scenario is not excluded by
monojet or other constraints.
• In addition, we also showed that using components from different multiplets of (10, 10)
and (5, 5) (without gauge coupling unification), we can write down a new interaction
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where the neutral component of the new lepton doublet scalar is responsible for the
resonance. In such a scenario, R-parity is preserved. We showed that this model
explains both 8 and 13 TeV diphoton excess data for a 750 GeV resonance. The
diphoton cross-section in this scenario is bounded from above by the dijet constraint
to ∼ 1 fb. The decay width can be enhanced by having two new L5 doublets or
mixing between one L5 doublet and MSSM doublets Li, due to the antisymmetric
nature of the coupling 105¯5¯. In such a case, we may naturally realize two adjacent
resonances, and no additional contribution to the width is required.
• We presented a new statistical approach to quantifying the relative preference for
various decay width scenarios and mass gaps in the context of scattering through
a dual resonance. Specifically, this method is designed to cope with the difficulties
presented by narrow resonances interacting with energy bin boundaries.
Subsequent to the analysis performed in the current work, it was simultaneously an-
nounced by the ATLAS [60] and CMS [61] collaborations that the diphoton excess observed
around 750 GeV during the 2015 run at LHC had not carried over into the 2016 data. The
current status at ATLAS is 2.4 σ (local), when combining 2015+2016 datasets, reduced
from 3.9 σ during the 2015 run alone [60], and the current status at CMS is 1.9 σ (local),
when combining 8 TeV+2015+2016 datasets, reduced from 3.4 σ during the 8 TeV+2015
runs alone [61]. This is indicative of just how profoundly suggestive the 2015 diphoton
data was, such that its influence persists even when integrated with the four-fold larger
null result from 2016. The compelling coincidence of data from both experiments (largely
mitigating look-elsewhere considerations), and the rather unexpected features of the data
(including the pure photon final state, the implied cross section, the evasion of compet-
ing bounds from monojet and related searches, the introduction of a new scale, and the
suggestion of a rather anomalously large width) presented a fascinating phenomenological
puzzle, which inspired a wide range of creative analyses in pursuit of a consistent and
naturally motivated framework capable of matching the observations. Many of the ideas
introduced during this period of intense study and dialog within the high energy physics
community will certainly outlive in relevance the passing of the particular circumstances
that originally inspired them. As just one specific example (for which we do not advocate
in particular), ATLAS now observes a 2.4 σ local excess in the diphoton channel around
1.6 TeV, when combining the 2015+2016 data. If some such similar excess at larger mass
(or smaller cross-section) were to be persuasively established by the future collection of ad-
ditional data, then self-consistent ideas proposed in association with the 750 GeV diphoton
could take on new relevancy at the new physics scale.
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